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of eggs could also lead to mongolism, but will almost certainly lead to triploidy and perhaps aneuploidy in the embryo.
The controlled maturation and fertilization of human eggs in vitro could permit infertility due to tubal blocking to be alleviated by transferring the fertilized eggs into the uterus of the mother. Techniques of embryo transfer, not necessarily involving surgery, have been developed in experimental and farm animals, and could be applied eventually to man. Unexplained infertility in women might be due to failure to capacitate spermatozoa or to sustain the embryos. Lastly, the availability of many human eggs after maturation in vitro could one day permit us to alleviate some genetic disorders in man, for embryos could be selected for certain characteristics before transferring. One such character is sex: disorders such as hemophilia could be alleviated by transferring an embryo of the sex known not to be affected. In the rabbit, sexing blastocysts by removing a small piece of trophoblast before their transfer into a recipient female has already led to the preselection of the sex of the offspring.
At present, our control over the culture of embryos in vitro is still incomplete. Usually when cultured embryos are transferred into a recipient female, the proportion developing to full term is low. Even now the addition of a drop of serum to a defined medium leads to a great improvement in the development of the embryos, and the best place to grow embryos is still in the follicle or in the oviduct in vivo. Nevertheless, full control of pre-implantation development in vitro would appear to be near.
Dr Patricia J Lindop (Department ofRadiobiology, Medical
College ofSt Bartholomew's Hospital, Lon1don)
The Effects of Radiation on Rodent and Human Ovaries
The ovary has been a point of attack for radiotherapists since 1896.
It was also recognized by radiobiologists as an organ in which cell survival and function could be correlated. From the excellent work of Brambell & Parkes in 1927 it was established that in the mouse the effect of localized and whole-body exposure was quantitatively similar; that the effect could be assessed on the functional level by induction of sterility, and on the histological level by the disappearance of ovarian follicles; that the cellular function of the ovary is more sensitive than the endocrinological function; and that the follicular apparatus shows different radiosensitivity, probably correlated (they suggested) with oocyte size; and that the effect of irradiation depends greatly on the age at exposure. And now forty years later there is general agreement that these concepts are valid.
The end-points which can be used to test ovarian sensitivity are shown in Table 1 , and the definition of cell death is discussed in terms of population decrease. Both cell population decrease and functional decrease can be plotted against the dose of radiation using the log of the surviving fraction. This exponential relationship allows Do, or the reciprocal of the slope of the linear portion, to be used for comparison of sensitivities. In some cases the 'survival' curve may at low doses have an initial non-linear part, referred to as a 'shoulder', and implies that a threshold dose must be accumulated before the effect is seen.
Most radiation studies in rodents and women take place after exposure to 250 kV X-rays, given to the whole body, or ovary alone. There are few data on neutron exposures, and these show a biological effectiveness about three times greater than X-rays. Preliminary data on fractionated and chronic exposure show a decreased effectiveness with increased fractionation, and with the lower dose rates of chronic exposure. In women data are available for single or fractionated doses to the ovary from 150 up to 2,400 rads in 6 fractions from radiotherapy, and for lower doses of the order of 8-10 rads from diagnostic procedures.
The cells which can be studied include oocytes, and granulosa cells, at different stages of development. It is generally agreed that DNA synthesis is completed by the day of birth, and that the oocyte is in a prolonged diplotene stage until 6-8 hours before ovulation; thus in the mouse this stage may last up to 100 weeks, and in a woman up to 50 years.
Mice and women have no mechanism for producing new oocytes after birth. Rapid loss of oocytes starts in fuetal life, and continues, so that a relatively small proportion of oocytes are destined to ovulate. Thus, in the newborn mouse there are about 10,000 cells in the ovaries which are decreased to 100, i.e. 1%, by the age of 5 weeks, when reproductive lifespan starts. In the human female, there are about 2 million oocytes at birth, 50 % of them showing atretic features; of the remaining million about 400 are shed in the reproductive lifespan. Since there is no evidence of new production of oocytes in the postnatal period, the effect of radiation on cell population depletion can be studied, without the complications of repopulation.
Oocyte death is one end-point of radiation damage. From cell counting on serial sections of the mouse ovary it is apparent that the stages of oocyte and follicular development represent a compartmental system fulfilling the criteria of Gilbert & Lajtha (1965) . Eight stages of oocyte development are normally recognized, from the immature Stage 1, to the most mature Stage 8, ready for ovulation (Oakberg 1958 , Peters 1961 The total oocyte population decreases with age, very rapidly in early life, less during the reproductive life, with an accelerated loss after 100 days. These changes in the total population are reflections of the different rates of loss of the subpopulations. For to 100 cells per ovary, by the 10th day, and that this rapid loss is decreasing at a time when cells in the more mature compartments, B and C, are beginning to increase, plateauing before the accelerated loss due to ageing. The A in the C compartment indicates the most mature oocytes, Stage 8.
This cell Stage 8 has been directly correlated with the number of mice per litter (Lindop et al. 1966) . The correlation shows that 175 oocytes are shed per live birth, which agrees well with the estimate of 15 oocytes per live birth reported for another mouse strain by Brambell in 1928. The effect of irradiation on the depletion rates will depend on the age at exposure as the proportion of each type of cell changes. For example, Beaumont (1961) , working with fcetal rats, showed a very rapid change in cell number depending on the age at exposure to 100 rads, as measured by cell survival at 25 days after birth. The difficulty of taking a fixed time at which to measure the cell survival can be seen from Fig 2, which shows the effect of radiation dose on the total cell population at different ages, after irradiation at the age of 4 weeks. Even low doses have a marked effect (Vatistas 1967) . Mice made hypoxic by nitrogen gain some protection to irradiation so that higher doses are required to produce the same rate of depletion. With irradiation at a young age, when most of the cells are of the immature type, there is a more rapid depletion, which is reduced by hypoxia. The cell survival at the age of 40 weeks can be plotted for radiation at a given age. For the immature cells there is an exponential dose response curve, with Do in the region of 8 5 rads in air and 24 rads in gives, for irradiation at 21 weeks old, the type of dose response curve shown in Fig 4A. The lines are drawn as exponential, with a 'shoulder' and the values of Do give the relative population sensitivities. The ratio of the Dos in air and nitrogen is termed the oxygen enhancement ratio (OER). Such curves can be plotted for the different ages at exposure. For mice exposed at 1 day old the absence of a 'shoulder' in the survival curve is marked.
Another end-point which gives much the same result as reproductive capacity is shortening of the reproductive lifespan. A summary of the age sensitivity as shown in the Do values for these end-points is shown in Table 2 . The apparent resistance of the neonatal ovary and the marked sensitivity at 21 weeks old correspond with an acute peak of sensitivity reported by Peters (1961) and Oakberg (1962) , following a single dose of 20 or 25 rads. The sensitivity is less than would be predicted from cell survival data ( Fig 4B) . It is suggested that if radiation is given at a young age when spontaneous cell depletion is great, the excess killing produced by radiation can be compensated by a decrease in the spontaneous cell depletion. From population studies it can be seen that irradiation does in fact apparently accelerate the maturation of oocytes into the mature compartments, and there is an attempt to keep constant the number of oocytes ready for ovulation. Evidence of such acceleration comes also from the work of Henricson & Nilsson (1965) , who showed that low doses of strontium 90, far from impairing function, increased the number of mature oocytes, but also induced the maturation changes in oocytes at an earlier stage of development than is seen in the control oocyte population.
The cell stage sensitivity which shows the best correlation with the functional end-point of litter size is Stage 8. Litter size first increases with age and then decreases. There is also an increase and decrease in the litter size with age in the irradiated group, which parallels the control curve. If the dose is high enough there is also a total reduction in litter size, due to cell killing and possibly to the production of dominant lethal genetic damage.
Another effect, reported by Ingram (1962) , and confirmed in correlative experiments by Oakberg (1966) , is that the irradiated mice make more efficient use of the surviving oocytes than the controls. For example, in SAS/4 mice, in our experiments, reproduction ceases in the controls when about 37% oocytes are left. In irradiated mice, reproduction continues until almost all oocytes are gone, leaving only 3-4% unused (Vatistas 1967) . This means that the end-point of reproductive capacity will not reflect directly the cell population depletion. Also, the irradiated mice may make use of genetically impaired cells.
That the contribution of genetic death to decreased litter size is likely to be small is seen from the mutation rate data of Russell (1963) . It would also seem from his data that genetic death has a greater effect upon second and subsequent litters, which is not seen from our data (Lindop etal. 1966) . It is now generally agreed that there is less evidence of genetic damage the longer the time period between radiation and conception, although the increasing effectiveness of high dose rates as shown in Russell's (1963) data is confirmed. Stevenson (1968, personal communication), for example, in extrapolating from the mutation rates of mice, suggests that a small dose of radiation, of the order of 10 rads, to a human ovary about five days preceding ovulation may give rise to 5-10% dominant lethals. He would also expect the highest incidence of chromosomal abnormalities to be produced when meiosis is resumed in the ovum, which is probably about five days after ovulation. This sensitivity increases up to ovulation, and after fertilization, or at least to the pro-nuclear phase. The problems of trying to assess such genetic hazards additional to the yet unknown spontaneous mutation rate in man is well explained in the ICRP Publication 8 (International Commission on Radiological Protection 1966). There is general agreement, however, that there is a period of high genetic risk, as well as a most sensitive period for cell killing. This latter is from the stage of oogonial mitosis up to the long stage in first meiotic division. In humans this is from about 2 months in utero to 1-2 weeks after birth.
Another expression of damage to the cells surviving irradiation may be the production of ovarian tumours. From the fruit fly up to woman, ovarian irradiation has been reported to produce ovarian tumours. The probability of producing a 14 tumour depends on the age at exposure. For example, with irradiation at 4 weeks old in mice, there is an increased incidence, with a peak incidence at about 100 rads, about twice that of the controls. With irradiation at 1 day old, the peak incidence is about 8 times the control for the same dose of 100 rads. There is a higher tumour incidence after irradiation under hypoxia at higher doses, probably due to the increased survival of damaged cells, although the peak incidence is not significantly increased.
From the early Hiroshima data there are significant increases in tumours of the ovary, although the actual doses received are difficult to assess (United Nations Scientific Committee on the Effects of Atomic Radiation 1962).
In considering the radiation response of the ovary, interspecies extrapolations seem justified; but it must be remembered that the damage which might express itself in offspring or as tumours in the host is seen in those cells surviving radiation. In woman, if the sensitivity to oocyte killing were the same as in the mouse, then one would expect a dose of 100 rads to cause permanent sterility, whereas we know that about 600 rads is reqwred. Part of this resistance may be due to a larger oocyte population to be depleted, or to different sensitivities to cell killingbut we have as yet no data to show that a decreased sensitivity to cell killing is positively or negatively correlated with sensitivity to genetic damage or neoplastic induction by radiation.
